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Abstract 
The article compares the results of three-dimensional hydrodynamic simulation with results of experimental studies of flow in the 
throttle channel in the absence and presence of cavitation. The applicability of described mathematical model to the real 
processes in the device and their characteristics is confirmed. The influence of the empirical coefficients of the mathematical 
model to the simulation result and the degree of agreement with the experimental data is considered.  
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Nomenclature 
xU  Projection of the velocity on the axis x 
yU  Projection of the velocity on the axis y 
zU  Projection of the velocity on the axis z 
U  Averaged velocity 
p  Averaged pressure  
( v )
ijT  Viscous stress tensor for an incompressible fluid 
ijS  Instantaneous rate of deformation tensor 
i j(u u )U   Reynolds stress 
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P  Turbulence viscosity 
ijS  Mean strain rate 
ijG  Kronecker symbol 
k  Mean turbulent kinetic energy 
iD  I-phase concentration 
iV  The volume of each phase 
V  Cell volume 
R   Bubble radius 
vapp  The vapour pressure of the liquid 
absp  The absolute pressure in the surrounding fluid 
U  Fluid density 
 
1. Introduction 
When the fluid flows through a throttle, the speed of fluid increases dramatically, this leads to a significant 
decrease of pressure in the compressed section and on the leading edges. When the pressure reaches the level of the 
saturated vapour, cavitation starts to develop in throttle and at its certain intensity characteristics of the it’s gap 
change substantially, namely the flow rate through the gap no longer depends on the back-supporting pressure at a 
constant level of pressure at the inlet of the throttle. 
This effect can have a negative impact on the operation of hydraulic machines and at the same time, it can be a 
prerequisite for the machine to work properly. For example, this effect is used to stabilize the characteristics of the 
hydraulic amplifier of the flapper nozzle type used in the hydraulic system of aircraft. 
With the help of numerical simulation using a simplified model of the Rayleigh-Plesset ([1], [2], [3]), it is 
possible to obtain good qualitative agreement between the simulation results with experimental data, but usually the 
quantitative results differ by 5-15%. 
In the present study, it is assumed that the error occurs due to a substantial simplification of the model of 
cavitation and neglect of essential factors, such as dissolved air in the liquid, which affects the cavitation processes. 
The difficulty of accounting of all the factors is that they are all unpredictable and significantly complicate the 
mathematical model, so in his study there was made an attempt to achieve a better matching of simulation results 
with experimental data by applying empirical coefficients to the existing model. 
A cylindrical throttle is chosen as a test sample. Its drawing is given via Fig. 1. 
 
 
Fig. 1 The geometry of the throttle 
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2. Experimental observations 
The experiment is carried out on Shell Tellus 22 oil, fluid temperature during experiment 50°C (kinematic 
viscosity 22 mm2/s; density 866 kg/m3). The design of the test rig is shown in the Fig. 2. 
 
Fig. 2. Test rig: 1- tank, 2- supply unit, 3-pump, 4- safety valve, 5- bleed-off valve, 6,7,8- manometers (accuracy rating 1, division value 1 bar), 
9- throttle, 10- distributor, 11- measuring tank (division value 0,05 l), 12- flow-regulating valve 
 
 During the experiment at an inlet pressure of about 45 bar, the throttle pressure at its output changes. As a result, 
it is able to pass a range of pressure values in which the throttle operates according to the known square law, and to 
identify the area where the flow rate through the throttle no longer depends on the pressure at the outlet. Near the 
area of the cavitation, pressure at the inlet is still 45 bar. 
Data obtained during the experiment are shown in Fig. 3.  
Since in addition to the pressure losses in the throttle, when fluid flow there are losses in the supply and outlet 
channels, pressure was measured in the area between gauges and also in the absence of a throttle, and then these 
losses were subtracted from the difference obtained from the measuring with throttle. 
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Fig. 3 The graph of the flow through the throttle (Q) depending on the differential head on it (pin-pout) 
 
Fig. 3 shows that at the differential head of more than 35 bar (i.e. about 45 bar at the inlet and 10 bar at the outlet) 
the flow rate through the throttle no longer depends on the reducing pressure at the outlet. 
The photo of the cavitation on the throttle is shown in Fig. 4.  
 
 
Fig. 4 Cavitation in the throttle 
3. Governing equations 
The calculation is carried out by hydrodynamic modelling on the throttle of the same size with the same flow 
regimes.  
The method of numerical simulation is based on the solution of discrete analogise of the basic equations of 
hydrodynamics. In the case of incompressible fluid model (fluid density ρ = const) they are: 
31 V.O. Lomakin et al. /  Procedia Engineering  106 ( 2015 )  27 – 35 
The equation of mass conservation (continuity equation): 
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The equation of conservation of momentum (Reynolds averaged): 
( v)i i
j ij i j
j i i
U U p
U T (u u )
t x x x
w w w wU      Uw w w w
ª º ª º« » ¬ ¼¬ ¼
, 
where  
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i k
ij ij
j i k
U U1 Uj 1
S
2 x x 3 x
w ww   Gw w w
ª º« »¬ ¼
 Mean strain rate 
Reynolds stress according to the Boussinesq hypothesis: 
( v)
i j ij ij
2
(u u ) T k
3
U   U G , 
Application of the Navier-Stokes equations, Reynolds averaged, makes the system of equations non-closed, since 
there are additional unknown Reynolds stress. To solve this system the semi-empirical k-ω SST turbulence model is 
used. This model includes the necessary additional equation. 
The flow of the fluid flowing through the throttle channel is modeled on the basis of nonstationary equations of 
fluid dynamics. The multiphase flow model is also used in the calculation. It takes into account two phases: water 
and steam. In the software package for this method the model of VOF (Volume of Fluid) is used.  
In the method of VOF multiphase medium is treated as a single fluid, whose properties vary according to the 
volume fraction of each of the phases present: 
i
i
V
V
D  , 
The equation for the mass concentration of each of the phases: 
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Cavitation in the throttle channel is modelled on the basis of a simplified model of the Rayleigh-Plesset. 
Simplified model does not account for the influence of surface tension of the gas bubble and the liquid viscosity 
effect on the rate of growth of the bubble. However, the coefficients K1 and K2 are entered to the model to control 
the rate of growth and collapse of the bubble. 
The rate of growth of the cavitation bubble is computed as: 
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The coefficients K1 and K2 vary the speed of growth and collapse of the bubble, respectively.  
The minimum size of the bubble and the minimum concentration of gas in any computational cell are strictly 
limited to a very small, but not zero value. 
The throttle is simulated using STAR-CCM+ software, modelled fluid has the same properties as the one at the 
experiment, the value of vapor pressure is 1000 Pa.  
Despite of the fact that this problem is axisymmetric, not all of the flow parts have this property, so in this paper, 
the problem is modelled in three-dimensional formulation for estimating the required computational resources. 
Three-dimensional model of the flow in the throttle and the computational grid are shown on the Fig. 5. The 
computational grid shown on Fig. 6 contains about 2 million settlement nodes. 
 
Fig. 5 3-D model of the throttle 
As the boundary conditions, the inlet and the outlet pressure are taken. Unlike conventional boundary conditions 
(input rate, output pressure), the usage of such conditions leads to slow convergence, but it allows to fix the inlet 
pressure of the throttle, which in its turn simplifies the calculation method and better fits the task.  
 
 
Fig. 6 The computational grid in the throttle 
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In the calculation, the fluid pressure at the inlet was constant for the bigger differential head on the throttle (over 
15 bar) and at different values of pressure at the outlet; during the calculation, the values of liquid flow through the 
throttle are calculated. 
At the outlet pressure below 15 bar the throttle and at an inlet pressure of 45 bar, cavitation begins to flourish. 
The figure below shows the calculation of the pressure at the outlet of the throttle of 10 bar. 
Volume fraction of gas in the throttle is shown in Fig.7. 
 
 
Fig. 7 Distribution of the volume fraction of gas in the throttle 
The calculation is performed for the three combinations of the coefficients K1 and K2. 
Results comparing the experimental data with the simulation results are presented below in graphical form. 
 
 
Fig. 8 graph of comparison of the results of experiment and calculation at the unit values of the coefficients. 
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It is evident that at the unit values of the coefficients the calculation diverges significantly from the experimental 
data at the beginning of cavitation zone in the throttle. Probably the reason is idealized and greatly simplified model 
of cavitation.  
The situation can be changed by increasing the coefficient K1 and reducing the coefficient K2.  
Figure 9 shows the flow through the throttle depending on the differential head in the range of origination of 
cavitation in the throttle. 
 
 
Fig. 9 The graph of the dependence of the flow through the throttle(Q) depending on the pressure differential(pin-pout) for various values of 
coefficients K1 and K2 
It can be seen, that when the coefficients K1 and K2 vary, the calculation error decreases, as well as the 
displacement of the break point and its approximation to the experimental value. 
4. Conclusions 
The calculations and experiments confirm that the effect of "locking" of the throttle channel can be calculated 
using the methods of hydrodynamic modelling. Moreover, the use of a simplified model of Rayleigh-Plesset leads to 
the error associated with the neglect of the many factors that influence the process of cavitation. 
Application of the empirical coefficients to the mathematical model can significantly reduce the calculation error, 
which is confirmed as described in this paper. The coefficients should be chosen according to the experimental data, 
for example, in this paper, hydraulic oil is used as the working fluid, and the experimental conditions differ little 
from the actual working conditions of the hydraulic drive (for temperature and gas content of work), so after the 
comparison of experimental data with the results of the calculation the coefficients K1 = 4, K2 = 0.25 can be used in 
the calculation of cavitation in such hydraulic systems. 
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